Trans influence of triphenylphosphines and pseudohalogens on Ni-S bonds: Synthesis, spectral and single crystal X-ray structural studies on NiS 2 PN and NiS 2 PC chromophores = ethylcyclohexyldithiocarbamate) indicate that the planar environment of the complexes is amenable to tetrahedral distortions due to steric influence [11] . Reports on trans influences on the distortions in planar [Ni(dtc) (PPh 3 )X] chromophores is limited and in continuation of our interest [12, 13] in understanding the factors controlling the structure of [Ni(dtc) (PPh 3 )X] chromophores, herein we report the synthesis, spectral and structural characterization of [Ni(pipdtc) 
(4-MP)(NCS)]
(1), [Ni(pipdtc) (PPh 3 )(NCS)](2) and [Ni(pipdtc) (PPh 3 ) (CN)](3) (where pipdtc = piperidinedithiocarbamate; 4-MP = tri(4-methylphenyl)phosphine).
Experimental procedure
All the reagents and solvents employed were commercially available high-grade purity materials (E-Merck) used as supplied without further purification. IR spectra were recorded on Avator Nicolet FT-IR spectrometer (range: 4000 -400 cm -1 ) as KBr pellets. The UV-Visible spectra in CH 2 Cl 2 were recorded in a Hitachi U-2001 double beam spectrophotometer.
Preparation

[Ni(pipdtc)(4-MP)(NCS)] (1)
The parent complex, [Ni(pipdtc) 2 ] was prepared [14] and was recrystallized from ethanol. A mixture of [Ni(pipdtc) 2 ] (380 mg, 1 mmol), 4-MP (610 mg, 2 mmol), NiCl 2 •6H 2 O (240 mg, 1 mmol) and NH 4 SCN (150 mg, 2 mmol) in acetonitrile -methanol (1:1, 50 mL) was refluxed for about 3 hours, followed by concentration to ca. 25 mL. The precipitated purple red compound was filtered and was dried over anhydrous calcium chloride. Single crystals suitable for X-ray analysis were obtained by recrystallization from acetonitrile. Yield: 70%; m.p.: 147°C (dec.). For C 28 H 31 N 2 Ni PS 3 (581.4) calcd.: 57.83% C, 5.38% H, and 4.82% N; found: 57.80% C, 5.80% H, 4.79% N.
[Ni(pipdtc)(PPh 3 )(NCS)] (2)
A mixture of Ni(pipdtc) 2 (380 mg, 1 mmol), PPh 3 (520 mg, 2 mmol), NiCl 2 •6H 2 O (240 mg, 1 mmol) and NH 4 SCN (150 mg, 2 mmol) in acetonitrile -methanol (1:1, 50 mL) was refluxed for about 3 hours, followed by concentration to ca. 25 mL and was left undisturbed for two days. The precipitated purple red compound was filtered and dried over anhydrous calcium chloride. Single crystals suitable for X-ray analysis were obtained by recrystallization from acetonitrile. Yield: 70%; m.p.: 152°C (dec.). For C 25 
[Ni(pipdtc)(PPh 3 )(CN)] (3)
A mixture of [Ni(pipdtc) 
Cyclic voltammetry
ECDA-001 Basic Electrochemistry system was used for all measurements. Glassy carbon was used as working electrode and the counter electrode was a platinum wire. Electrochemical grade CH 2 Cl 2 was used as the solvent. The reference electrode was Ag/AgCl. Tetrabutylammonium perchlorate (0.01 M) was used as the supporting electrolyte. The experiments were carried out in an oxygen free atmosphere by bubbling purified nitrogen gas through the solution at room temperature. The peak potentials showed a maximum variation of +/-5 mV.
X-ray crystallography
Details of crystal data, data collection and refinement parameters for the compounds are given in Table 1 and selected bond parameters are listed in Table 2 . Intensity data were collected at ambient temperature (293 K) on Bruker AXS smart single crystal diffractometer with CCD (area detector) by using graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å). The structure was solved by direct method inserted in SHELXTL-NT V5.1 in the Bruker AXS software [15] and the molecular diagrams were drawn with ORTEP -3 program [16] .
Results and discussion
IR and electronic spectra
IR spectra of complexes (1), (2) and (3) show thioureide ν(C-N) bands at 1532, 1531 and 1533 cm -1 . The parent bisdithiocarbamate, [Ni(pipdtc) 2 ] shows the thioureide band at 1508 cm -1 [14] . The shift in ν C-N value to higher wave number compared to the parent dithiocarbamate is due to increased mesomeric drift of electron density from the dithiocarbamate moiety towards the metal atom. The ν(C-S) bands appear at 1017, 1013 and 1009 cm -1 for complexes (1), (2) and (3) respectively without any splitting [17] . The ν(N-C (-S)) band appears at 2090 and 2089 cm -1 for (1) and (2) respectively. The ν(C-N) band for the cyanide appears at 2116 cm -1 for compound (3). Electronic spectra of (1) and (2) show bands at ~400 nm due to charge transfer with large optical densities. Another band observed at 478 nm (λmax : 20.920 cm -1 , ε: 62450 mol -1 cm -1 ) and 482 nm (λmax : 20.747 cm -1 , ε : 65410 mol -1 cm -1 ) for (1) and (2) respectively are due to d-d transitions corresponding to dz 2 ---> dx 2 -y 2 transitions and the other transitions in the longer wavelength region are not prominent [7, 11] . In complex (3), in addition to the charge transfer band at ~400 nm, a d-d band was observed at 450 nm (λmax : 22.222 cm -1 , ε: 582450 mol -1 cm -1 ) and is due to dz 2 ---> dx 2 -y 2 transition. A very significant blue shift observed in the d-d band for (3) compared to (1) and (2) is due to the presence of strong field cyanide donor around nickel. Presence of cyanide ligand increases the LFSE and hence electronic transition to highly antibonding dx 2 -y 2 orbital is observed at lower wavelength.
Cyclic voltammetry
All the complexes show metal centered reduction as reported earlier [7] . Figs. 1 and 2 show the oneelectron reductions corresponding to Ni(II)  Ni(I) for two representative complexes. All the reductions have been found to be irreversible. In all the reductions leading to the formation of Ni(I) complex, the reduced species is highly unstable undergoing decomposition as is indicated by the complete irreversibility of the processes. The observed process is an electrochemical reduction followed by chemical decomposition. The Ni(I) complexes produced by the electrochemical reduction are of very short life time and decompose chemically and hence could not be identified in the reverse cycle. All the phosphine complexes show similar reduction potentials because of almost identical environment around nickel. However, reduction potential of the parent complex is much larger than those of the mixed ligand complexes due to the greater π-accepting ability of the phosphines [18] . Following is the increasing trend of reduction potentials (mV): -1501(2) < -1510(1) < -1512 (3) << -1604 [Ni(pipdtc) 2 ].
Crystal structures
ORTEP diagram of complex (1) is shown in Fig. 3 . The molecule is a discrete mononuclear unit, which has no significant intermolecular contacts. The planar diamagnetic complex contains NiS 2 PN chromophore. Two formula units are present in the unit cell. The Ni-S bond distances, 2.227(1) and 2.172(1) Å are significantly different due to the difference in trans influence exerted by phosphine and NCS anion. The thioureide C-N distance observed in the compound is 1.289(3) Å, which is shorter than the distance observed in the parent [Ni(pipdtc) 2 ] (1.327(5) Å) [14] . The Ni-P and Ni-N distances are 2.209(1) and 1.865(2) Å respectively. The S-Ni-S bite angle is 78.58(4)° which is not quite different from that observed in the parent dithiocarbamate. The P-Ni-N angle (94.3(1)°) indicates the planar conformation of the complexes. The Ni-N-C angle (176.3(3)°) indicates small deviation from linearity and is due to the steric effect of bulky phosphine ligands. The bond parameters of the dithiocarbamate moiety are found to be normal. Table 1 . Crystal data, data collection and refinement parameters of (1), (2) and (3).
Complex
(1) (2) (3) Trans influence of triphenylphosphines and pseudohalogens on Ni-S bonds: Synthesis, spectral and single crystal X-ray structural studies on NiS 2 PN and NiS 2 PC chromophores ORTEP of (2) is shown in Fig. 4 . Two formula units are present in the unit cell. The mononuclear units show no significant intermolecular contacts. The diamagnetic complex contains planar NiS 2 PN chromophore. The Ni-S bond distances, 2.182(1) and 2.206(1) Å are significantly different, due to the trans influences exerted by phosphine and NCS. PPh 3 being a good π-acceptor has a greater trans influence and, hence the Ni-S bond trans to P is longer than the one trans to NCS anion. Asymmetry in the Ni-S bonds leads to an increase in Ni-S-C angle (86.64(7)°) and a contraction in S-C-S angle (108.0(1)°). The C-N(thioureide) distance 1.303(2) Å, is significantly different from that of the parent [Ni(pipdtc) 2 ] (1.327(5) Å) [14] , indicating the mesomeric drift of electron density from the S 2 CN group towards the metal atom. The Ni-P and Ni-N distances are 2.213(1) and 1.871(2) Å respectively. The S-Ni-S angle is found to be 78.67(3)°, which is similar to the angle observed in the parent dithiocarbamate viz, 79.4(1)°. The P-Ni-N angle indicates the near planar conformation of the complex. The Ni-N-C angle (163.5(2)°) indicates deviation from linearity to a larger extent compared to that observed in (1) due to the steric effect of the 4-methyl group.
ORTEP of (3) is shown in Fig. 5 . The complex is monomeric without any significant intermolecular contacts.
The complex contains planar NiS 2 PC chromophore. Two formula units are present in the unit cell. The Ni-S distances are 2.199(1) and 2.206(1) Å and PPh 3 shows a higher π-accepting ability in the present case than the CN anion. The thioureide C-N distance is 1.313(5) Å, which is shorter than the distance observed in its parent, 1.327(5) Å [14] . The observed reduction in bond length is due to the mesomeric drift of electrons from the dithiocarbamate moiety towards nickel atom. The Ni-P and Ni-C distances are 2.203(2) Å and 1.936(4) Å, respectively. The S-Ni-S bite angle is 78.8 (1)°, which is similar to that observed in the parent dithiocarbamate. The P-Ni-C angle (95.5(1)°) indicates the near planar geometry of the complex. The Ni-C-N angle is 174.1(2)°, which indicates considerable deviation from linearity. The complex crystallizes with a molecule of acetonitrile which showed extensive disorder (Hydrogens associated with the solvent molecule could not be located). Important parameters of related compounds are compared in Table 3 .
Bond valence sum (BVS) analysis
Bond valence sum (BVS) analysis has been used to determine the oxidation state of metal ions in solids based on crystallographically determined M-L bond distances [19] [20] [21] . Calculation of BVS involves the relationship for the valence v ij of a bond between two atoms i and j as v ij = exp [(r o -r)/B], where 'r' is the crystallographically determined bond length, 'B' is taken to be a universal Table 2 . Selected bond distances (Å) and angles (°).
(1) (2) (3)
Trans influence of triphenylphosphines and pseudohalogens on Ni-S bonds: Synthesis, spectral and single crystal X-ray structural studies on NiS 2 PN and NiS 2 PC chromophores constant equal to 0.37 and r o is the empirically determined bond valence parameter. The sum of the individual values of v ij for the j bond around a central metal gives the BVS, Σ v ij = V i , which is generally close to the formal oxidation state of the metal [19, 20] . [ [19, 20] b) [21] c) r o for Ni-C and Ni-P are reported from a fit of experimental bond distances for twenty complexes with divalent nickel as the central metal [23] [24] [25] Trans influence of triphenylphosphines and pseudohalogens on Ni-S bonds: Synthesis, spectral and single crystal X-ray structural studies on NiS 2 PN and NiS 2 PC chromophores quoted from the literature. The bond valence parameters reported for the present complexes clearly confirm the formal oxidation state of nickel to be +2.
Conclusions
The Ni-S distances in the complexes (1), (2) and (3) are distinctly different and the observed asymmetry is due to differences in trans influences exerted by phosphine, NCS -and CN -. Ni-S bond distances trans to PPh 3 /4-MP are observed to be in the following order: (1) > (2) ~ (3). Ni-S bond distances trans to NCS/CN follow: (3) > (2) > (1). The trans influence in divalent nickel complexes is clearly established by the observation. Particularly, 4-MP shows a highly significant trans influence than triphenylphosphine on Ni-S bond. Similarly, CN -exerts a marginally significant higher trans influence compared to NCS -. The thioureide C-N distances in the mixed ligand complexes are relatively very short compared to the parent compound due to the mesomeric drift of electron density towards the metal. The Ni-N-C angle (163.5(2)°) observed in (2) indicates deviation from linearity to a larger extent compared to that observed in (1) (176.3(3)°) due to the steric effect of the 4-methyl group However, the presence of π-acids, PPh 3 and 4-MP alleviate the electron density on the nickel atom in solution and, hence the reduction potentials for the mixed ligand complexes are much less compared to the parent NiS 4 chromophore.
Supplementary material
CCDC 183258 (for 1), 238328 (for 2) and 210917 (for 3) contain supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving. html (or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk). [19, 20] b) use of r o re-determined [23] [24] [25] 
